Movement of the patient during myocardial perfusion SPECT leads to some artifacts that make the interpretation difficult. In this study, myocardial perfusion imaging protocol was performed on a cardiac phantom and SPECT was performed by simulating patient movements. A lesion model with dimensions of 1.2 × 2 × 2 cm was created on the inferoseptal wall of the cardiac phantom. Imaging was done in circular orbits in 64 × 64 matrix and step and shoot mode. First set of images taken with no movement was referred as the reference image. During imaging, patient movement was simulated by moving the phantom in ±X and ±Y directions between the frames starting from 8 th frame to 16 th frame. At the end of imaging, Bull's eye maps of images with movement were compared with Bull's eye maps of reference images. Bull's eye maps were evaluated by an experienced nuclear medicine physician. Shifting patient's movement in all directions by ±1 and ±2 cm, displaced the localization of the lesion mildly and this did not hamper the evaluation. However, movements of ±3 or ±4 cm resulted in artifacts which in turn caused partial or no visualization of the lesion. In motion corrected images, the lesion could be evaluated in ±1 and ±2 cm movements while lesion could not be evaluated in ±3 and ±4 cm movements. As a result, movement greater than ±3 cm causes significant image artifacts and this should be considered as a potential source of error in myocardial perfusion studies.
Introduction
SPECT systems are based on rotation of one or more cameras around the patients. Information is gathered in certain angles of rotation of the detector around the patient, then section images are obtained on the computer by using iterative or back projection filtration techniques [1] - [5] . Images in projection series in SPECT systems are re-structured by an algorithm called back projection. Projection data can be produced in transverse sections also named as axial or transaxial and images in sagittal or coronal sections can be obtained by mathematical procedures as well [6] - [8] . Due to long acquisition times in myocardial perfusion SPECT, patients tend to move in different directions by changing position in order to feel comfortable [9] . However, patient movement during myocardial perfusion SPECT imaging results in image artifacts [1] [2] .
General patient movements during SPECT include constant body motion, periodic local deformations and non-local deformations. Breathing and heart beat are periodic local deformations. When the term "constant body motion" is used, the patient should be considered as a fixed substance. Possible motions include turning and rotating in three dimensions [10] .
Of all patient movements that cause deformation, it is easier to correct the effects of constant body motions because data are processed by comparing the images obtained without effect of motion during imaging.
Some techniques are developed for the quantitative analysis of planar or SPECT myocardial perfusion images. Quantitative programs may be more efficient compared to visual evaluations. Stress perfusion quantization is compared with resting perfusion in order to evaluate spread and intensity of the ischemia. One approach is to generate a polar map by taking sections from apex of the heart toward base in short axis SPECT. This quantitative analysis is generally visualized as Bull's eye or polar map Due to normalizing regional scores to largest voxel value on myocardial wall and largest voxel value adjusted to 100 at Quantitative Perfusion SPECT (QPS), most of the uniform images have an average regional score and a small standard deviation [11] - [13] .
Some techniques have been developed for the detection and correction of translational patient motion in dynamic and static myocardial SPECT studies [14] - [18] .
The effect of patient movement on lesion detection was examined in this study. In addition, by using the motion correction option in image processing, ability of compensation of movement effect in various directions and magnitudes was assessed. Myocardial perfusion imaging protocol was performed on a cardiac phantom with lesion and SPECT was performed by simulating patient movements.
Materials and Methods

Cardiac Insert Phantom
Cardiac insert phantom used in this study had a 8 cm diameter and height and a 0.5 cm wall thickness. Bolus (A tissue-equivalent substance) with dimensions of 1.2 × 2.0 × 2.0 cm that mimics a perfusion defect in the phantom image was used. Cardiac insert phantom was placed in the same coordinate axis in all imaging procedures. Preparation of cardiac insert phantom took place in laboratory to prevent risk of contamination. The phantom was filled with water, and water was mixed until no bubbles existed. In nuclear medicine, clinical practice, 15 -30 mCi 99mTc MIBI is injected to the patient for myocardial perfusion scintigraphy and the myocardial uptake of 99mTc-sestamibi is 1.2% -1.5% of the injected dose [19] . Thus 1 mCi 99mTc was placed in the phantom corresponding to the extracted amount 99 mTc with 1 mCi activity. Experimental setup is shown in Figure 1 .
Assuming that patient movement occurs just in the middle of the imaging, the phantom was moved starting from the middle of imaging that is right after the 8th frame with a total of 16 frames, i.e. During imaging, the phantom was moved from the origin of ±X and ±Y axes in one cm steps up to 4 cm starting between frame 8 and 16 and the effect of this motion at each cm was evaluated quantitatively and visually in comparison to reference the image.
Imaging Protocol
Double detector-Philips Forte JETstream AZ SPECT is used with a VXGP collimator. 64 Images were obtained in on 64 × 64 matrix with no zooming. Minimum of 100,000 counts were collected during each acquisition. Imaging was performed by double detectors starting on 45 degrees right anterior oblique and ending at 135 degrees left posterior oblique in a total of 180 degrees in a circular orbit by step and shoot mode. Energy window was set at 20% for 99 mTc at 140 keV. Butterworth filter was used for processing. 
Evaluation of Images
Images were reconstructed with Philips JETstream Workspace V3.5 version. For interpretation each image, with a motion effect is recorded in data registration form after comparison with reference image according to grading table ( Table 1) . Site of lesion was determined on image with no motion effect, which we considered as the reference. We created a reference image with 20 segments in the Bull's eye map (Figure 2 ). Blinded image evaluation was performed by independent two Nuclear Medicine Specialist. Area with maximum activity was considered as 100 and mapping was done using the ratio of the lesion-site to maximum. The study was performed using gamma camera Philips Forte Jet stream AZ SPECT which is applied Cedars-Sinai Motion Correction (MoCo) algorithm.
Mild is described as, low activity up to 3 regions. Severe is described as, low activity in more than 3 regions. In order to describe the location of the lesion and its neighborhood in Bull's eye image, schematic visualization was shown (Figure 3 ).
Results
Lesion is localized at 7 o'clock position. The reference image is shown in Figure 2 .
In early frame for example frame 9 no lesion was visible at the true lesion site but additional lesion was seen Bull's eye map without motion correction (Figure 4) . True lesion exists with additional lesions with motion correction effect ( Figure 5 ). Graphic 1 shows uptake in the lesion according to the reference without motion correction for frame 9, Graphic 2 shows uptake in the lesion according to the reference with motion correction for frame 9, For late frame for example frame 15 no lesion was visible at the true lesion site but additional lesion was seen Bull's eye map without motion correction (Figure 6 ). True lesion partially exists with additional lesions with motion correction (Figure 7) . Graphic 3 shows uptake in the lesion according to the reference without motion correction for frame 15, Graphic 4 shows uptake in the lesion according to the reference with motion correction for frame 15 .
Tables show grading with motion correction ( Table 2 ) and without motion correction ( Table 3) . In movement in −X1 and +X1, the lesion was on the real localization site but additional lesions was seen in early and late frames.
In movement −X2, the lesion was partially on the real localization site but additional lesions were seen in neighbor regions.
In movement +X2, the lesion was not seen on the real localization site but additional lesions were seen in neighbor regions. Table 1 . Grading of the lesion presence and site.
True lesion exists with
No additional lesion 1A
Mild additional lesion 1B
Severe additional lesion 1C
No lesion is visible at the true lesion site with
No additional lesion 2A
Mild additional lesion 2B
Severe additional lesion 2C
True lesion partially exists with
No additional lesion 3A
Mild additional lesion 3B
Severe additional lesion 3C Table 2 . Grading with motion correction. FRAME 8 FRAME 9 FRAME 10 FRAME 11 FRAME 12 FRAME 13 FRAME 14 FRAME 15 FRAME16   +Y1  1B  3B  1B  1B  2B  1B  2B  3B  3B   +Y2  2C  1B  1B  1B  1B  2A  1B  3B  3B   +Y3  2B  1B  3C  2B  2B  3B  2A  2B  2B   +Y4  2B  3C  1A  1B  2B  1B  3B  3B  1B   −Y1  1B  1B  1B  1B  1B  1B  2B  1B  3C   −Y2  1B  1A  3B  1B  3B  1B  1B  1B  1B   −Y3  1B  1A  1A  2B  3B  1B  3C  1A  1B   −Y4  2B  3B  1C  1B  1B  1B  3B  2B  3B   +X1  2B  2B  2B  2B  2B  1B  2A  2A  1B   +X2  2B  2C  2B  2B  2B  2B  3B  1B  3B   +X3  2C  2C  2C  1C  2B  3B  2B  1B  3B   +X4  3C  1C  1C  3B  3C  2B  1B  3B  1B   −X1  3B  2B  2B  3B  3B  1B  2B  1B  2B   −X2  3B  2B  3B  3B  3B  3B  1B  1B  2B   −X3  3B  2B  3B  3B  3B  2B  1B  2B  1A   −X4  2B  2C  3B  1C  3C  3B  3A  2B  2B Table 3 . Grading without motion correction. FRAME 8 FRAME 9 FRAME 10 FRAME 11 FRAME 12 FRAME 13 FRAME 14 FRAME 15 FRAME16   +Y1  3B  3B  3B  3B  2B  2B  3B  3C  2B   +Y2  2B  2B  3B  2B  3B  2C  3B  3C  3B   +Y3  3C  1C  3C  2B  2B  2C  2B  2C  2C   +Y4  2C  1C  3C  2B  3B  2C  2C  1B  3B   −Y1  3B  1B  3B  1B  3B  1B  2B 3B 3B
In movement −X3 the lesion was seen partially on the real localization site but additional lesions were seen in neighbor regions in the early frames. In the late frames, lesion was seen on the real localization site but additional lesions were seen in neighbor regions.
In movement +X3, the lesion was not seen on the real localization site but additional lesions were seen in neighbors regions in early frame, in the late frames, lesion was seen on the real site but additional lesions were seen in neighbor regions.
In movement −X4 and +X4, the lesion was partially on the real localization site or not but additional lesions were seen in neighbor regions.
In movement −Y1 and +Y1, the lesion was partially on the real localization site but additional lesions were seen in neighbor regions.
In movement −Y2, the lesion was on the real localization site but additional lesions were seen in neighbor regions.
In movement +Y2, the lesion was not on the real localization site in early frames, but additional lesions were seen in neighbor regions in late frames.
In movement −Y3 the lesion was partially on the real localization site but additional lesions were seen in neighbors regions.
In movement +Y3, the lesion was not on the real localization site but additional lesions were seen in early frames but the lesion was on the real localization site with additional lesions in late frames.
In movement +Y4 the lesion was not seen on the real localization site but additional lesions were seen in neighbors regions in the early frames. The lesion was seen on the real localization site and additional lesions were seen in the neighbor regions in the late frames.
In movement −Y4 the lesion was seen on the real localization site but additional lesions were seen in neighbors regions in the early and late frames.
Discussion
It is reported that about 25% of the patients move during myocardial perfusion SPECT imaging. As imaging takes place, patient's movement can produce false perfusion defects or hide the present perfusion defects. With a long duration of imaging, the patient tends to move on the imaging bed [18] . Detection and correction of patient movement are of utmost importance in SPECT imaging and motion correction should be performed to obtain correct slices. Various programs and techniques were developed in order to correct these defects [15] - [17] .
Possible patient movements during SPECT imaging include constant body motion, periodic local deformations and non-local deformations. Constant body motion is movement in three dimensions. Artifacts caused by movements due to cardiac contractions and breathing can be classified as periodic local deformations. Non-local deformations are the patient's curling, and bending movements during the process [10] .
In a study on artifacts caused by breathing, Kovalski et al. found that rate of artifacts for each of 20 patients was 3.75% on average before correction. They observed that after motion correction this rate decreased to 1.58% [13] [20] [21] .
Philippe et al. set up a visual follow up system in order to perceive patient's movement. Patient's movement during SPECT was detected with an external equipment (visual tracking system, VTS), secondly, condition related to patient motion was identified by processing the data and thirdly, a synchronization was created between optic camera imaging and SPECT by correcting movement in artifacts [16] .
Germano et al. reported that there was no need to correct movements less than 6.5 mm and false-positive findings between 5% and 40% was also reported for a 6.5 mm simulated axial motion in the middle of 201 Tl SPECT studies [18] . Glenn et al. reported that artifact occurring due to a movement of 6 -8 mm produced moderate and correctable errors while artifacts caused by movements bigger than 8 mm resulted in severe errors that might affect clinical interpretation [22] .
Cooper et al. found that vertical motion produced more artifacts than lateral motion. They reported that patient movement of 6.5 mm can be detected, but clinically significant artifacts occur in movements equal to or bigger than 13 mm [23] . In a study done with single and double-headed gamma cameras, Matsumo et al. investigated the effects of motion in different cameras. They found that average defect rates in the left ventricle with 6.4 mm of movement in single and double headed gamma cameras were 0.6% and 0.8%, respectively. They also reported that average defect rates in the left ventricle with 12.8 mm of movement in single and double headed gamma cameras were 3.8% and 5.7%, respectively. Average defect rates in the left ventricle with 19.2 mm of movement in single and double headed gamma cameras were 8.1% and 11.8%, respectively [10] . These findings suggest that there is a correlation between amount of patient motion and that of perfusion defect. The reason for the percentage of artifacts originating from double headed cameras are theoretically higher is that several projections are obtained simultaneously. On the other hand, since single detector cameras need to collect the same number of counts, acquisition time for these cameras is longer and this condition diminishes sensitivity while producing artifacts due to patient motion [10] [24]- [26] . William et al. reported that artifacts resulting from motion can be eliminated successfully in a cardiac imaging study done with 201 Tl using phantom and they also noted that image quality improved by more than 50% in a study involving 36 different patients [27] .
In our study, when motion correction was applied, movements of ±1 and ±2 cm were compared with images corresponding reference image. Image artifacts produced by movement in vertical and lateral axis were different in severity. As stated in the literature, severity of artifact in vertical axis was more prominent.
Distortion or early distortion was observed in all frames at ±3 cm motions, albeit different in severity. The images that we considered as unusable were processed by motion correction, images near equivalent to reference image were obtained. Motion of ±4 cm resulted in distorted images in all axis. Location and severity of the lesion could not be defined and severe distortions were seen. It was concluded that at 4 cm all images were distorted with no relation to axis direction even if motion correction was used. In some images, motion correction could not be applied because of excessive movement.
As a result, we observed that patient's motion of ±1 cm and ±2 cm that occurs towards last frames of the imaging produces tolerable artifacts in the assessment of the image, movement greater than ±3 cm causes significant image artifacts and this should be considered as a potential source of error in myocardial perfusion studies. In motion corrected images, the lesion could be evaluated in ±1 and ±2 cm movements while lesion could not be evaluated in ±3 and ±4 cm movements.
Conclusions
Patient motion during myocardial perfusion SPECT imaging studies can produce an image with artifacts mi-micking perfusion defects leads to false-positive findings.
The impact of various types and degrees of patient motion evaluated for the lesion is even more crucial. Patient's motion occurs at last frames of the imaging process that can be tolerable artifacts in the image.
All of the images reconstructed by motion correction technique had better quality. Shifting patient's movement in all directions by ±1 and ±2 cm, displaced the localization of the lesion mildly and this did not hamper the evaluation. However, movements of ±3 or ±4 cm resulted in artifacts which in turn caused partial or no visualization of the lesion.
